Poly(phenylacetylene)s and poly(1-alkyne)s containing chiral sterol pendant groups with molecular structures of −[HC=C−C 6 H 4 −CO 2 −R] n −, −[HC=C−C 6 H 4 −O(CH 2 ) 10 −CO 2 −R] n − and −[HC=C(CH 2 ) m CO 2 −R] n −, (where R = cholesterol, stigmasterol, ergosterol and m = 2, 3, 8} are designed and synthesized. The monomers are prepared by esterifications of acetylenic acids with cholesterol, stigmasterol, and ergosterol and exhibit cholestericity at high temperatures. Polymerizations of the monomers are effected by WCl 6 −Ph 4 Sn, MoCl 5 −Ph 4 Sn, and organorhodium catalysts, giving high molecular weight (M w up to 8.0 × 10 5 ) polymers in high yields (up to 99%). The structures and properties of the polymers are characterized and evaluated by IR, NMR, TGA, DSC, POM, X-ray, UV, and CD analyses. All the polymers are thermally stable (≥ 300 °C). Polymers with long flexible alkyl chains form smectic and cholesteric phases at elevated temperatures. With an increase in the spacer length in poly(1-alkyne)s, the packing arrangements of the mesogenic pendants in the mesophases change from bilayer or mixed mono-and bilayer into homogeneous monolayer structures. Few poly(phenylacetylene)s show CD bands in the absorption region of the polyacetylene backbones, revealing that the main chains are helically rotating with a preferred screw sense.
INTRODUCTION
Synthesis of biomimetic polymers has attracted much attention in recent years because of the expectation that the resulting polymers would exhibit novel optical and biological properties. 1−3 Especially, polymers with π-conjugation along the main chains are drawn much attention because of their potential applications in asymmetric electrodes, chiral stationary phase, optical polarizing films, and so forth. As evidenced by the 2000 Nobel Prize in Chemistry, polyacetylene is an archetypal conjugated polymer. The seminal discovery of the metallic conductivity of its doped form has opened up new research areas for electroactive macromolecules. 4−6 As a result of rapid advance in the area, we are now on the threshold of "plastic-electronics revolution" that previously can only be imagined in science fiction.
Steriods are a class of naturally occurring organic substances and their derivatives that are of great importance in biology, medicine, and chemistry. 7, 8 The steroid group includes all the sex hormones, adrenal cortical hormones, bile acids, and steroids of vertebrates, the molting hormones of insects, and many other physiologically active substances of animals. Cholesterol, for example, is a major constituent of eukaryotic cell membranes and lipoproteins, and has the ability to change the permeability and fluidity of cell membranes. It also relates to signal transduction, cell adhesion, and migration. Incorporation of such naturally occurring species into the polyacetylene structure is of interest because the resulting polymers may exhibit intriguing biological properties. The polymers may be liquid crystalline and optically active because most of the steroids are mesogens and chiral compounds. Attracted by the academic and application prospects, in this paper, we described the synthesis of a group of sterol-containing polyacetylenes and reported their novel thermal and chiroptical properties.
EXPERIMENTAL
We designed and synthesized a group of functional polyacetylenes by incorporation of sterol pendants into the poly(phenylacetylene) and poly(1-alkyne) structures (Chart 1). The monomers are prepared by esterifications of acetylenic acids with cholesterol, stigmasterol, and ergosterol in satisfactory or high yields. Most of them exhibit cholestericity at high temperatures and when their isotropic liquids are cooled, oily steaks of cholesteric phase are observed. Polymerizations of the acetylenes are effected by WCl 6 −Ph 4 Sn, MoCl 5 −Ph 4 Sn, and organorhodium catalysts, furnishing high molecular weight (M w up to 8.0 × 10 5 ) polymers in high yields (up to 99%). The synthetic details and characterization data of the monomers and polymers can be found elsewhere. The thermal stability of the polymers was evaluated on a Perkin-Elmer TGA 7 under nitrogen at a heating rate of 20 °/min. A Perkin Elmer DSC 7 was used to measure the phase transition thermograms. An Olympus BX 60 POM equipped with a Linkam TMS 92 hot stage was used to observe anisotropic optical textures. The XRD patterns were recorded on a Philips PW1830 powder diffractometer with a graphite monochromator using 1.5406 Å Cu Kα wavelength at room temperature (scanning rate: 0.05 °/s, scan range 2−30°). The polymer samples for the XRD measurements were prepared by freezing the molecular arrangements in the liquid crystalline states by liquid nitrogen as previously reported. 
RESULTS AND DISCUSSION

Thermal stability
With a view to synthesizing biomimetic polymers with novel properties, we melted sterols and acetylenes at the monomer level and succeeded in converting the hybrids into high molecular weight polymers by WCl 6 −Ph 4 Sn, MoCl 5 −Ph 4 Sn, and organorhodium catalysts. Notwithstanding the high electrical conductivity of its doped form, (unsubstituted) polyacetylene has found few, if any, practical applications, because it is insoluble in common solvents, infusible before thermal decomposition, and degradable upon exposure to air. All our polymers are, however, soluble in common organic solvents such as chloroform, THF, and toluene and thermally quite stable. Figure 1 shows the TGA thermograms of a few polymers. No weight loss is detected when the polymers are heated to temperatures to 300 °C, irrespective of the type of pendant group and spacer length. The high thermal stability of P7(2)C, P7(8)C, P8(2)S, and P8(8)S is especially impressive, taking into the account that poly(1-hexyne), which may be regarded as their unsubstituted parent form, start to degrade at a temperature as low as 150 °C. 15 The bulky sterol appendages may have formed thermally stable "jackets, 16−19 which well wrap up the polyacetylene backbones and thus limit their perturbation by heat and attack by the degradative species.
Mesomorphism
After confirming the thermal stability of the polymers, we checked their mesomorphic properties by DSC and POM. Under the observations by POM, only polymers P2C, P4S, P6E, P7(3)C, P7(8)C, P8(3)S, and P8(8)S exhibit liquid crystallinity. It is known that polymer backbones are a kind of defect distorting the packing of the mesogenic groups and preventing the growth of mesomorphic aggregates. 17, 18 The long, flexible aliphatic chains in P2C, P4S, P6E, P7(3)C, P7(8)C, P8(3)S, and P8(8)S may, however, allow the mesogens to move independently from the polymer backbones, leading to formation of mesophases in the polymers. The DSC thermograms of P2C, P6E, P7(3)C, P7(8)C, P8(3)S, and P8(8)S recorded during the first cooling and second heating scans detect no transition peaks, probably due to low ID sensitivity of the instrument. On the contrary, broad peaks corresponding to i → S A and S A → g transitions are observed at 162.8 and 146.7 °C, respectively, in P4S (Figure 2 ). The heating cycle records g → S A and S A → i transitions at 112.8 and 157. 1 °C, respectively, demonstrating that the mesomorphism formed by P4S is enantiotropic. Upon cooling the isotropic liquid of P2C, bâtonnets, indicative of the formation of S A phase, are observed from the dark background ( Figure 3A) . 20−22 The bâtonnets grow bigger in size and emerge together to form small domains upon further cooling. Focal-conic S A texture is finally evolved when the temperature is lowered to 145 °C ( Figure 3B ). Similar texture, suggestive of the formation of S A phase, is found in P4S when its isotropic liquid is cooled ( Figure 3C ). Small entities are, however, emerged in P6E, from which its exact texture is difficult to identify. We tried to grow the crystals with care but still fail to obtain any characteristic texture relating to its mesophase. With the help of X-ray diffraction measurement, the texture is identified to be associated with a cholesteric phase. Bâtonnets and focal-conic texture are observed when the isotropic liquids of P7(3)C, P7(8)C, P8(3)S, and P8(8)S are cooled, again confirming the formation of S A phase. To clarify the mesophase formed by P6E and gain more information on the packing arrangements of mesogenic pendants within the liquid crystalline phases of other polymers, we carried out X-ray diffraction analysis of the polymers. The diffractogram of P2C exhibits a sharp peak associated with the packing of the cholesterol pendant groups at 2θ = 4.9 (d = 18.02 Å) (Figure 4) . No primary reflection peak is observed in the low-angle region, suggestive of poor layer packing arrangements. The peak centered at 2θ = 17.1° corresponds to the spacing between the mesogenic pendants within the layer. On the contrary, a sharp reflection at a low 2θ angle of 2.45° is found in P4S, from which a d-spacing of 36.03 Å is derived by the Bragg Law (2dsinθ = nλ). The existence of long-range order in the polymer further reinforces the smectic assignment in Figure 3 . The calculated length of one constitutional repeat unit in P4S is 35.31 Å, close to the experimentally obtained layer thickness (Table 1) . Thus, the mesogenic pendants of P4S are packed in a regular monolayer structure. No reflections are detected at low angles in the spectrum of P6E, indicating that there is no layer order within the mesophase. Instead, two diffuse halos at 2θ = 5.05 and 17.45° are found. Since a cholesteric (chiral nematic) phase shows two broad peaks at middle-and high-angle regions, 23−25 the mesophase formed by P6E at the high temperature thus, in most cases, should be cholesteric. The spectrum of P7(3)C shows a strong, sharp reflection peak at a low angle of 2.45 ° (Figure 5 ), from which a dspacing of 36.03 Å is derived by the Bragg law (2dsinθ = nλ). A broad halo corresponding to the spacing between the mesogenic pendants within the layers is observed at 2θ = 16.55°. These suggest that the polymer really forms S A phase at high temperatures. The calculated length of one constitutional repeat unit in P7(3)C is 21.98 Å (Table 1) . Thus, the mesogenic appendages of the polymer are packed in an interdigitated fashion. The diffractogram of P7(8)C exhibits a primary reflection peak at 2θ = 3.44°. The layer thickness is calculated to be 25.59 Å, which is close to the molecular length of the monomeric unit of the polymer in its fully extended conformation (28.20 Å). As a result, P7(8)C forms S A phase with monolayer, instead of interdigitated, packing arrangements of mesogenic pendants. The diffractogram of P8(3)S detects three peaks at 2θ = 2.51, 4.11, and 16.11°. The d-spacings derived for the first two peaks are 34.62 and 21.53 Å, which are in excess and close to the length of the monomeric unit of the polymer (21.84 Å). Therefore, the mesogenic pendants in P8(3)S are arranged in both interdigitated and monolayer fashions. No reflections corresponding to interdigitated layer spacing are found in the diffractograms of P8(8)S. Instead, a peak associated with monolayer packing of the mesogenic appendages is emerged at ~3.4°. It, therefore, becomes clear that when the methylene spacer is lengthened, the packing arrangements change from mixed mono-and bilayer structures to a homogeneous monolayer structure.
Chiroptical properties
Since sterols are optically active compounds, it is thus of interest to check whether our polymers would exhibit novel chiroptical properties. α value of P1C suggests that its optical activity is not from its chiral pendant groups but from its helical polyacetylene chain. of P5E and P6E are slightly larger than their monomers, suggesting that they exhibit weak or even no helicity.
We further studied their chiroptical properties using circular dichroism (CD) spectropolarimetry, a powerful tool for conformational analysis. 33, 34 While monomer 1C is CD-inactive at wavelengths longer than 290 nm, its polymer P1C exhibits strong Cotton effects in the absorption region of the polyacetylene backbone at 384 and 311 nm (Figure 6 ), unambiguously confirming that the main chain takes a helical conformation with an excess of screw sense. Its cousin P2C, however, shows almost no CD signals, in agreement with the conclusion drawn from specific optical rotation measurement that the polymer backbone exists in a random-coil conformation. Similarly, P3S shows CD bands associated with the helicity of the polymer segments. The spectrum of P4S, however, is almost a straight line with peaks of low ellipticities. The CD spectrum of P5E displays Cotton effects at 270, 314, and 399 nm associated with the phenyl pendant and backbone absorptions. Although P6E also shows strong phenyl absorption at 270 nm, its CD backbone absorption is, however, almost nil. 
CONCLUSIONS
In summary, in this study, we succeeded in synthesizing poly(phenylacetylene)s and poly(1-akyne)s containing sterol pendant groups by W-, Mo-, and Rh-based catalysts. Most of the polymers are obtained in high yields with high molecular weights. Their structures are characterized by IR and NMR spectroscopies with satisfactory analysis results. All the polymers are thermally stable (≥ 300 °C). The flexible alkyl spacers in P2C, P4S, P6E, P7(3)C, P7(8)C, P8(3)S, and P8(8)S endow the polymers with liquid crystallinity. While P2C, P4S, P7(3)C, P7(8)C, P8(3)S, and P8(8)S form enantiotropic S A phase, P6E exhibits cholestericity on both heating and cooling cycles. With an increase in spacer length in P7(m)C and P8(m)S, the packing arrangements of the mesogenic pendants change from mixed mono-and bilayer structures to a homogeneous monolayer structure. Polymers P1C, P3S, and P5E show CD bands in the absorption region of the polyacetylene backbone, suggesting that their chain segment helically rotates in a preferred screw sense.
